The capacity of the neocortex to process sensory information depends on neuronal interactions between excitatory and inhibitory cell types. However, the relationships between the connectivity, receptive field properties and network dynamics of different cell types are not fully understood.
The capacity of the neocortex to process sensory information depends on neuronal interactions between excitatory and inhibitory cell types. However, the relationships between the connectivity, receptive field properties and network dynamics of different cell types are not fully understood.
Most cortical neurons are sparsely interconnected excitatory pyramidal cells that typically show selective responses to different sensory features, and provide the main route of information flow to and from cortical areas. The remaining roughly 20% of cortical neurons consist of different subclasses of GABAergic inhibitory interneurons, which influence the firing and sensory responses of nearby pyramidal cells [1] [2] [3] [4] [5] [6] .
In contrast to pyramidal cells, fast-spiking PV interneurons, which form the largest inhibitory subgroup 1,2 , form denser connections within local circuits [7] [8] [9] . The fraction of local excitatory inputs sampled by fast-spiking cells remains unclear, as reports vary from 19% (ref. 10) up to 60% (ref. 7) even in primary visual cortex (V1) of the same species (rat). The differences in connectivity between pyramidal cells and fast-spiking interneurons may influence the specificity with which these neuronal subpopulations respond to sensory stimuli, and the extent to which their co-activation is determined by sensory drive.
In V1, most layer 2/3 pyramidal cells respond selectively to oriented grating stimuli, possibly reflecting their nonrandom connectivity, whereby feedforward inputs from layer 4 and recurrent inputs from layer 2/3 are provided preferentially by neurons with similar response preferences [11] [12] [13] [14] [15] . On the other hand, there is considerable debate about the selectivity of visual responses and the functional organization of connectivity of fast-spiking PV interneurons. In V1 of higher mammals, where neurons are arranged in functional columns, fast-spiking interneurons are often selective for orientation [16] [17] [18] . In mouse V1, where neurons with different orientation preferences are locally intermixed, fast-spiking PV cells and inhibitory neurons in general are reported to be more broadly tuned [19] [20] [21] (but see ref. 22 ). These findings suggest that fast-spiking interneurons receive nonselective excitatory input from the surrounding network 23 , and hence are more sharply tuned in species with orientation maps, but less well tuned in mice where neighboring pyramidal cells show diverse visual feature selectivity 20 . However, others find sharp orientation tuning of many fast-spiking PV interneurons in mouse V1 (ref. 22) , suggesting that they receive input from subnetworks of pyramidal cells with similar orientation preferences 10 . Discerning between these apparently conflicting results is crucial for understanding the specificity with which these inhibitory neurons respond to sensory stimuli and influence the responses of other neurons in the network. It is therefore important to determine the response selectivity of a defined population of inhibitory neurons and any functional biases in their connectivity in the local circuit.
With differences in their local connectivity, populations of pyramidal cells and fast-spiking PV interneurons might also be expected to differ in their network interactions and in how their activity patterns are influenced by sensory stimuli. The organization of intracortical connections is thought to be reflected in patterns of spontaneous activity 24 . Some studies report similar patterns of spontaneous and evoked activity [24] [25] [26] [27] [28] [29] , suggesting that intracortical connections influence activity patterns, such that a neuron is likely to fire with the Neuronal responses during sensory processing are influenced by both the organization of intracortical connections and the statistical features of sensory stimuli. How these intrinsic and extrinsic factors govern the activity of excitatory and inhibitory populations is unclear. Using two-photon calcium imaging in vivo and intracellular recordings in vitro, we investigated the dependencies between synaptic connectivity, feature selectivity and network activity in pyramidal cells and fast-spiking parvalbumin-expressing (PV) interneurons in mouse visual cortex. In pyramidal cell populations, patterns of neuronal correlations were largely stimulus-dependent, indicating that their responses were not strongly dominated by functionally biased recurrent connectivity. By contrast, visual stimulation only weakly modified co-activation patterns of fast-spiking PV cells, consistent with the observation that these broadly tuned interneurons received very dense and strong synaptic input from nearby pyramidal cells with diverse feature selectivities. Therefore, feedforward and recurrent network influences determine the activity of excitatory and inhibitory ensembles in fundamentally different ways.
1 0 4 6 VOLUME 14 | NUMBER 8 | AUGUST 2011 nature neurOSCIenCe a r t I C l e S same interacting partners (ensemble) in the presence and absence of sensory input. By contrast, other studies find that even functionally similar neurons can fire independently of each other and that the strength of correlated firing in pairs of neurons can be influenced by sensory input [30] [31] [32] [33] [34] [35] . At the level of local circuits, therefore, the degree to which sensory-evoked co-activations are influenced by intrinsic biases in connectivity, and how this relates to cell type, remains unresolved.
We have investigated the relationship between local synaptic connectivity, sensory response properties and the structure of network correlations in populations of pyramidal cells and fast-spiking PV interneurons in the same neuronal circuit. We applied two-photon calcium imaging 36 in layer 2/3 of mouse V1 to record spontaneous and visually evoked population activity with single-cell resolution 37, 38 and to identify parvalbumin-expressing neurons genetically labeled with a red fluorescent protein 39 . We then used patch-clamp recordings in slices of the same tissue to determine local connectivity between a subset of neurons whose visual response properties were characterized in vivo. We found fundamental differences in both local synaptic connectivity and stimulus-dependence of neuronal co-activations in populations of pyramidal cells and fast-spiking PV interneurons, indicating that the influence between feedforward and recurrent drive differs across cortical cell types during the processing of visual information.
RESULTS

Visual responses of PV interneurons
We first measured the orientation tuning of genetically targeted, red fluorescent, PV cells, using parvalbumin-Cre (PV-Cre) mice crossed to a Cre-responsive reporter line (Ai9-lsl-tdTomato) 39 . Immunocytochemistry confirmed that red cells in layer 2/3 were almost exclusively parvalbumin-containing (92%, Supplementary  Fig. 1 ). The electrophysiological properties of most red cells were typical of fast-spiking interneurons and none showed characteristics of excitatory pyramidal cells (Supplementary Fig. 1 ). We simultaneously imaged calcium signals and recorded action potential firing in PV cells by carrying out in vivo two-photon targeted loose-patch recordings of red cells in monocular V1 that was bulk labeled with injections of the calcium indicator dye OGB-1 AM (Fig. 1a-e) . Confirming previous results 20 , changes in action potential firing were reflected in the calcium signal, even for neurons with high firing rates (Fig. 1b-e and Supplementary Figs. 2-4) . For both putative pyramidal cells and fast-spiking PV cells the preferred orientation and the orientation selectivity (OSI) calculated from calcium signals were similar to values obtained from spiking responses (Fig. 1f,g ). Calcium transient amplitude correlated well with the number of recorded action potentials for all cells ( Fig. 1d and Supplementary Fig. 2e ). The slope of this correlation varied between cells, partly depending on the maximum firing rate. When we plotted the size of the calcium transients against action potential number normalized to the maximum firing rate (for the range of gratings presented), we found a relatively similar (and nearly linear) relationship for all PV cells (Fig. 1e) . There was also a clear correspondence between recorded action potentials and firing rate inferred from the calcium signal using a fast, non-negative deconvolution method 40 (see Online Methods) for both putative pyramidal cells (Supplementary Fig. 2 ) and PV neurons ( Supplementary Fig. 4) .
Having thus established that the calcium signal is a good indicator for changes in firing rate for neurons with very different firing frequencies, we used two-photon imaging to measure orientation selectivity for significantly responsive (see Online Methods) populations of PV neurons and neurons not expressing the red protein (Fig. 1h-j) , which primarily (≥90%) represent excitatory pyramidal cells 2 , and will therefore be referred to as pyramidal cells hereafter. As expected, most pyramidal cells responded selectively to oriented gratings and, on average, showed high orientation selectivity 41 (median OSI, 0.60; Fig. 1i,j) . As a population, PV neurons responded much less selectively to moving gratings, as most showed broader orientation tuning (median OSI, 0.26; Fig. 1i,j) , as was also apparent from the cell-attached recordings (median OSI spiking , 0.13; Fig. 1g ). However, many PV neurons did show some orientation preference, including a smaller fraction more selective for orientation (OSI > 0.4 in 13/71 or 18% of significantly responsive PV neurons; Fig. 1i,j) .
Cell type-specific differences in synaptic connectivity In layer 2/3 of rodent V1, pyramidal cells connect to each other sparsely 7, 11, 12, 23 whereas fast-spiking interneurons, which typically express parvalbumin and constitute up to 10% of the cortical neuronal population 2 , are more densely connected to the surrounding network [7] [8] [9] 23 . Pyramidal cells might form selectively interconnected subnetworks consisting of neurons with similar visual feature selectivity 12 , whereas fast-spiking interneurons might receive functionally unbiased input from surrounding pyramidal neurons and are hence more broadly tuned 20, 23 . To test these hypotheses directly, we developed an approach to map synaptic connectivity between nearby neurons (<50 µm apart) whose visual response properties had been functionally characterized in vivo 11 . We identified the same neurons in slices that had been imaged in vivo, and therefore were able to directly relate the connectivity of different neurons to their orientation tuning ( Fig. 2 and see Online Methods). By carrying out patch-clamp recordings from up to four neurons simultaneously, we assessed connectivity by stimulating one neuron at a time and observing postsynaptic potentials in each of the other neurons in turn. The presence or absence of short-latency postsynaptic potentials enabled us to determine the incidence and strength of synaptic connections. With this approach, we tested the dependency of connection probability on orientation tuning of pyramidal cells and fast-spiking interneurons.
As shown previously, connections between pyramidal cells in layer 2/3 of mouse V1 were weak and sparse (19%, 45 connections out of 235 tested; Fig. 2d,e) , and preferentially but not exclusively formed between neurons with smaller differences in preferred orientations 11 (∆Ori; Fig. 2h ). By contrast, fast-spiking PV interneurons received input from neighboring pyramidal cells with remarkably high probability (88%, 36 of 41 tested, data from wild-type and PV-Cre-lsltdTomato mice, see Online Methods; Fig. 2d) . We examined the orientation tuning curves for 17 fast-spiking cells together with the tuning profiles of pyramidal cells that responded to moving gratings and from which they received excitatory connections (Fig. 2a,f,g ). Fast-spiking PV interneurons showed weak biases toward orientation (OSI range, 0.11-0.51; median, 0.22), and received inputs from both sharply and more broadly tuned pyramidal cells (OSI range, 0.07-1.00; median, 0.68) preferring a wide range of orientations or directions (Fig. 2a,f,g ). As previously shown, among orientation-selective pyramidal cells (OSI > 0.4), the connectivity rate decreased monotonically with increasing difference in ∆Ori 11 (P = 0.04, Cochran-Armitage test for trend; Fig. 2h ). By contrast, we found no trend for the probability of connections between pyramidal cells and fast-spiking PV interneurons (P = 0.53, Cochran-Armitage test), because almost all pyramidal cells provided input to neighboring fast-spiking PV interneurons irrespective of how similarly they responded to visual stimulation or how selectively they responded a r t I C l e S spontaneous correlations and visual response similarity to resemble the relationship we had observed between visual response similarity and synaptic connectivity 11 (Fig. 2) . To test this, we plotted the correlation strength of neuronal pairs during spontaneous activity against signal correlation (correlation of average responses, see Online Methods), which provides a measure of the similarity of neuronal responses to drifting gratings. We quantified the relationship between spontaneous correlation and signal correlation for pairs of pyramidal cells, pairs of PV cells and pairs consisting of one pyramidal cell and one PV cell, by computing the correlation (R) and the slope of the linear fit ( Fig. 3a-c) . To visualize data from all animals in a single plot, we also normalized the pairwise correlation values by calculating z-scores separately for each region ( Fig. 3d ; see Online Methods), because the average correlation strength varied between regions and animals (see also Fig. 4 ) and pooling the raw data together could introduce additional dependencies. We found only a very weak relationship between spontaneous and signal correlation for pyramidal cell pairs (median R = 0.18, median slope = 0.04; pooled data: R = 0.10; P < 10 −4 ; Fig. 3) ; pyramidal cells with similar responses to drifting gratings were only slightly more likely to fire together spontaneously than neurons with very different visual responses, and the scatter of data points was very large. There was a stronger relationship for pairs consisting of one pyramidal cell and one PV cell (median R = 0.33, median slope = 0.14; pooled data: R = 0.22, P < 10 −4 ; Fig. 3 ). In contrast to pyramidal cells, there was a strong relationship between signal and spontaneous correlation for pairs of PV cells, whereby cells that responded more similarly to gratings were more correlated during spontaneous activity, whereas those that responded less similarly were less correlated during spontaneous activity (median R = 0.68, median slope = 0.49; pooled data: R = 0.61, P < 10 −4 ; Fig. 3 ).
to grating orientation (Fig. 2h) . Moreover, the strength of most connections between pyramidal cells and fast-spiking PV interneurons was an order of magnitude higher than that of connections between pairs of pyramidal cells (median excitatory postsynaptic potential (EPSP) amplitude of pyramidal cell-interneuron connection, 1.36 mV versus 0.20 mV for pyramidal cell-connections; P < 10 −8 , rank sum test; Fig. 2e ), a finding consistent with previous results in rat V1 (ref. 7) . We also tested whether the strength of connections from pyramidal cells to fast-spiking PV cells or their short-term plasticity (paired-pulse-ratio, PPR) depended on the similarity of orientation tuning between two neurons (Fig. 2i,j) , but found no significant trends (P > 0.1).
These results indicate that fast-spiking cells receive very dense and strong input from nearby pyramidal neurons with diverse selectivities and preferences for stimulus orientation, and that this connectivity probably contributes to the broader tuning of fastspiking interneurons.
Relationship between spontaneous and evoked activity We next investigated the extent to which the differential connectivity profiles of pyramidal cells and fast-spiking PV cells might influence the activity dynamics of these two neuronal populations. We recorded spontaneous calcium signals in the dark in layer 2/3 of V1 in PV-Crelsl-tdTomato mice and computed correlations of time-varying calcium signals for each neuronal pair over the duration of each recording (spontaneous correlation). Pair-wise correlations provided an indication of which neurons were likely to be spontaneously co-active. Given that spontaneous activity patterns have been suggested to reflect underlying connectivity in the network 24, 25 , we expected the relationship between The weak relationship between spontaneous correlation and visual response similarity in populations of pyramidal cells suggests that biased local connectivity among these neurons (Fig. 2) does not have a strong effect on the pattern of network co-activations. By contrast, there was a strong relationship between spontaneous correlation and visual response similarity in PV cells, suggesting that very dense and strong excitatory input from the local network strongly influences their activity during visual stimulation.
Structure of PV cell correlations is less stimulus dependent
The results from the previous section suggest that PV cells are influenced more than pyramidal cells by local network connectivity. To investigate the importance of this difference for visual processing, These results could be influenced by a documented relationship between correlation strength and cortical distance 30 . We also found a negative relationship between the strength of correlation of the activity of cell pairs with and without visual stimulation and cell distance. This negative relationship was stronger and 2-3-fold steeper for pairs of PV cells than for pairs of pyramidal cells (spontaneous activity: PV interneurons, R = −0.32, slope = −0.009; pyramidal cells, R = −0.12, slope = −0.003; Supplementary  Fig. 5a-c) . However, restricting our dataset to cell pairs less than 50 µm apart did not alter the relationship between response similarity and spontaneous correlations (Supplementary Fig. 5d-f , compare with Fig. 3d) , ruling out the idea that it was mostly brought about by distance effects. a r t I C l e S we tested the similarity between spontaneous activity patterns and those evoked by different types of visual stimulus by presenting both episodically drifting whole-field gratings and sequences of naturalistic movies ( Fig. 4a-f ; see Online Methods).
Spontaneous activity was characterized by brief (<1 s), sporadic events involving multiple neurons, separated by periods in which few neurons were active (Fig. 4a) . The presentation of visual stimuli resulted in reproducible patterns of activity and changed network activity in different ways: episodically presented drifting gratings induced epochs of many active neurons (Fig. 4c, corresponding to the periods of grating drift) alternated with periods of almost complete lack of activity in the population (corresponding to periods of no drift). This strong periodic recruitment of the circuit caused the overall strength of time-varying response correlations (total correlations) of calcium signals between pyramidal cells to increase compared to those during spontaneous activity (spontaneous: R = 0.12; gratings: R = 0.20; group medians of imaged regions, P = 0.005, sign rank test; Fig. 4b,d) . By contrast, continuously presented natural movies significantly decorrelated the responses of pyramidal cells (natural: R = 0.09, P = 0.007; Fig. 4e,f) .
Between PV neurons, time-varying response correlations were on average considerably stronger than between pyramidal cells during all conditions (spontaneous: R = 0.20; gratings: R = 0.31; natural: R = 0.18; group median of imaged regions, P < 0.0005; Fig. 4b,d,f) , and during visual stimulation even stronger than correlations between PV neurons and the surrounding neuropil (Supplementary Fig. 6 ). Pairs consisting of one pyramidal cell and one PV cell showed intermediate correlation strength during all conditions (Fig. 4b,d,f) . Together, these Cells were ordered such that the strongest correlations during spontaneous activity were close to the diagonal in the spontaneous condition, and the same order was applied to correlation matrices of the other conditions. Positions on the diagonal were set to the lowest value.
(h) The similarity between two matrices is the correlation coefficient of their off-diagonal elements (pattern correlation). Comparisons were made between correlation matrices of spontaneous and each of the evoked conditions and between different visually evoked conditions for pyramidal cells (green), PV cells (red) and for matrices from mixed pyramidal cell-PV cell pairs (black). Boxplots of pattern correlation values of all imaged regions that included three or more responsive PV cells (horizontal lines are group medians, 6 animals, 13 regions).
a r t I C l e S results are consistent with the connectivity profile of pyramidal cells and PV cells in the local circuit: PV cells share more common input ( Fig. 2) and are more interconnected 42, 43 , and therefore show more correlated activity.
To test whether neurons tended to be similarly co-active or coinactive during spontaneous activity and during visual stimulation, we determined how the structure of correlations of pyramidal cell or PV cell populations changed across stimulus conditions. We computed matrices of pair-wise correlations for all cell pairs in one imaged region from recordings of spontaneous activity and during stimulation with episodically drifting gratings or natural movies (Fig. 4g) . If neuronal ensembles that fire together without visual input are also likely to be co-active during visual stimulation, correlation matrices for the different conditions would look similar. This was the case for populations of PV interneurons, but not for pyramidal cells (Fig. 4g) . To obtain a quantitative measure of similarity between spontaneous and sensory-evoked co-activation patterns, we calculated the correlation coefficient of the off-diagonal elements between the different matrices, which we term pattern correlation (Fig. 4h) . When comparing correlations between pyramidal cells across imaged regions, we found that visual stimulation strongly altered correlation patterns during periods of spontaneous activity (Fig. 4h and Supplementary  Fig. 7 , group median pattern correlation: spontaneous versus gratings, 0.27; spontaneous versus natural movie, 0.30). We found equally large differences in correlation patterns when we compared population activity driven by different stimuli (Fig. 4h and Supplementary  Fig. 7 , group median pattern correlation: gratings versus natural movie, 0.30). Therefore, there seems to be only a weak resemblance between patterns of pyramidal cell co-activation during spontaneous activity and different stimulus regimes. This suggests that biased local connectivity does not strongly influence how pyramidal cell populations respond to external input, which allows individual neurons to participate in different ensembles.
By contrast, the degree of correlated activity between pairs of PV cells was largely maintained regardless of whether they were active spontaneously or driven by a visual stimulus (Fig. 4g,h) . If two PV cells were strongly correlated during one stimulus condition, they were likely to be strongly correlated in another. Thus, although the patterns of correlated activity among pyramidal cells were different between spontaneous and different visually evoked states, the coactivation patterns in networks of PV cells were very similar (Fig. 4h  and Supplementary Fig. 7 ; group median pattern correlation: spontaneous versus gratings, 0.73; spontaneous versus natural movie, 0.67; gratings versus natural movie, 0.80). Pattern correlations for pairs consisting of one pyramidal cell and one PV cell showed intermediate values ( Fig. 4h; group median pattern correlation >0.47 across all conditions), indicating that the groups of pyramidal cells associated with the firing of PV neurons tended to change during different conditions, but not as much as the co-activation patterns in populations of pyramidal cells. Calculating pattern correlations across different conditions from inferred spikes instead of the raw calcium signals produced similar results (Supplementary Fig. 8) .
Together, these results indicate that the patterns of network coactivation of pyramidal cells were more strongly influenced by visual input than the co-activation patterns of PV cells, which appeared similar across conditions. This suggests that the activity of PV cells was strongly determined by intrinsic connectivity.
Structure of noise correlations
Although biased recurrent connectivity might not dominate response patterns of pyramidal cells, it could still influence them. The differences in total correlations described above do not show whether changes in co-activation patterns are a result of a change in feedforward input due to different stimuli or a change in the state of network activity due to regrouping of local ensembles. To test this, we separated the total correlations between cell pairs into signal and noise components: signal correlations arise from correlations in the stimulus itself or similarity in preferred stimulus features (such as orientation), whereas noise correlations arise from mutual connectivity or shared inputs that are reflected in the trial-to-trial variability of responses. Noise correlations were much higher for pairs of PV cells than for pairs of pyramidal cells (P < 0.001 for all comparisons; Fig. 5a,b) . The magnitude of average noise correlations for each group of cell pairs was not different between the two visual stimulation protocols (P > 0.3 for all comparisons; Fig. 5a,b) .
Comparing the pattern of noise correlations between different stimulus conditions to the pattern of spontaneous correlations allowed us to investigate whether the extensive restructuring of pyramidal cell co-activations (Fig. 4h) arose primarily from changes in stimulus-evoked response patterns (signal correlation) or also from changes in the structure of noise correlation. For pyramidal cells, the pattern of pair-wise noise correlations in the population was relatively different from spontaneous correlation patterns for both stimulus conditions (group median pattern correlation spontaneous versus gratings, 0.37; spontaneous versus natural movie, 0.36; Fig. 5c ), whereas for PV cells the pattern of noise correlations was more similar (group median pattern correlation spontaneous versus gratings, 0.66; spontaneous versus natural movie, 0.60; Fig. 5c ). In fact, for both pyramidal cell and PV cell populations the similarity of noise correlation patterns (Fig. 5c) was not significantly different from that obtained from total pair-wise correlations (P > 0.08 for all comparisons; Fig. 4h) .
For pyramidal cells, the differences in patterns of noise correlation and spontaneous correlation indicate that even the component of co-activation patterns that is not directly evoked by the visual stimulus is different from spontaneous co-activation patterns. Moreover, the structure of pyramidal cell-pyramidal cell noise correlations also changed between grating stimuli and natural movies (group median pattern correlation, 0.26; Fig. 5c ), suggesting that different types of a r t I C l e S feedforward input not only regroup the local population of pyramidal cells into different ensembles, but also place the local circuit into very different activity states with changed network interactions. PV cells, in contrast, behaved differently: their co-activation patterns were largely maintained in the absence or presence of feedforward input.
DISCUSSION
We found fundamental differences in synaptic connectivity, visual response properties and network dynamics between populations of layer 2/3 excitatory pyramidal cells and inhibitory fast-spiking PV interneurons in mouse V1. Co-activations of sparsely but selectively connected pyramidal cells depended strongly on stimulus identity, and only weakly reflected biased local connectivity. By contrast, the pattern of co-activations of densely connected and more broadly tuned fast-spiking PV cells depended weakly on visual input, and seemed largely to reflect local network activity. The contribution of inhibition during sensory processing in V1 will depend crucially on the tuning properties of interneurons. There is considerable debate about the selectivity of fast-spiking PV interneurons, which provide rapidly acting, soma-targeted inhibition of pyramidal cells 1, [20] [21] [22] . We used cell-attached recordings and twophoton calcium imaging in mice expressing tdTomato in PV neurons, which mostly comprised fast-spiking cells, and found that their calcium signals reliably reflected changes in firing rate. We found that fast-spiking PV cells showed a range of tuning widths. Although a small subset of cells was more selective for stimulus orientation, most were more broadly tuned (Fig. 1) . This result was confirmed in both wild-type and PV-tdTomato mice by in vitro electrophysiological identification of fast-spiking cells, whose orientation tuning had been functionally characterized in vivo (Fig. 2) .
The broader tuning of most fast-spiking PV cells in mice is consistent with their synaptic connectivity profile in the local network. We found that fast-spiking interneurons received highly dense, local excitatory connections (see also ref. 23 ) that were on average an order of magnitude stronger than connections between pyramidal cells. We found this arrangement of pyramidal cell-fast-spiking cell connections to be much denser than in rat visual cortex 7 , which could reflect either a difference between species or a consequence of there being fewer severed connections between neurons because we recorded deeper in the slice. In combined in vivo and in vitro experiments on the same tissue, we have shown directly that predominantly broadly tuned fast-spiking PV cells indiscriminately sample strong inputs from a local population of pyramidal cells with a diverse range of orientation preference and selectivity. Our data support the idea that local inhibition in V1 is recruited nonspecifically and primarily reflects the strength of firing in the local network 20 , but argues against distinct subnetworks of excitatory and inhibitory neurons sharing the same preference for visual features 10, 22 . Our results also lead to a prediction for the width of orientation tuning of fastspiking interneurons in carnivore V1 which, unlike in mice, contains functional columns: given similarly dense pyramidal cell-fast-spiking cell connectivity, the tuning of fast-spiking cell neurons is expected to be narrow in iso-orientation domains, but broader in pinwheel centers, which may explain mixed reports regarding the selectivity of fast-spiking neurons in cats [16] [17] [18] .
How do these fundamental differences in synaptic connectivity and feature selectivity of pyramidal cells and fast-spiking PV cells relate to their network dynamics? Neuronal responses during sensory processing are likely to be influenced by both the intrinsic organization of intracortical connections and the statistical features of sensory stimuli that provide the main feedforward drive to the cortical circuit.
The extent to which these intrinsic and extrinsic factors dominate cortical activity is still not resolved. On one hand, several reports have suggested that patterns of evoked activity resemble those occurring spontaneously, and that the structure of neuronal correlations remains similar irrespective of the presence or absence of a sensory drive [24] [25] [26] [27] [28] [29] . On the other hand, other studies have reported that sensory stimuli or changes in brain state can alter the strength of neuronal correlations and network interactions [30] [31] [32] [44] [45] [46] . The different extents to which sensory input restructures patterns of cortical network activity as reported by different studies could be attributed to various factors other than cell type such as differences in animal species, cortical areas, cortical layers and the spatial scale, coverage and resolution of the methods used. Although our study cannot account for all these factors, our data make a clear distinction between the behavior of layer 2/3 pyramidal cell and fast-spiking PV cell assemblies.
In populations consisting of inhibitory fast-spiking PV cells, correlations in both overall activity and trial-to-trial variability were similar during periods of spontaneous and visually evoked activity. This agrees with the very dense sampling of local excitatory connections by fast-spiking PV cells, such that nearby PV cells share a substantial amount of common input, and are therefore more correlated than those separated by greater distances (Supplementary Fig. 5 ). These results are also consistent with the observation that spontaneously occurring action potentials of neighboring fast-spiking cells in mouse somatosensory cortex are synchronized and are driven by highly correlated depolarizations 44 . Membrane potential synchronization might also be augmented by electrical coupling 42, 43 . Therefore, the co-activation patterns of neighboring fast-spiking PV cells are not strongly altered by sensory drive. Instead, the weak stimulus dependence of fast-spiking PV cell correlations is consistent with the notion that the activity of these interneurons is largely dominated by local activity in the network. Although neighboring fast-spiking PV neurons might also receive selective feedforward or long-range excitatory connections, these inputs are apparently not sufficient to substantially decorrelate their firing (on the scale of hundreds of milliseconds).
In populations of pyramidal cells, we found a very weak relationship between the similarity of visual responses (signal correlation) and the magnitude of spontaneous firing rate correlations, suggesting that neurons that prefer similar visual features tended to be only slightly more co-active spontaneously than neurons that do not. The structure of both firing rate (total) and noise correlations was only weakly related between the spontaneous state and during presentation of drifting gratings and naturalistic movies, indicating that the same neuronal subsets were rarely similarly co-active during these conditions. These results suggest that the cortical representation of a visual stimulus in pyramidal cell populations does not strongly reflect the existing biases of their recurrent connectivity. As the connections between nearby pyramidal cells in layer 2/3 are both sparse and weak (Fig. 2) , the fraction of shared local input between a pair of pyramidal cells is likely to be small, allowing feedforward or other inputs to influence and potentially to decorrelate their firing. At present, however, it is not possible to identify the main sources of correlated variability of pyramidal cells beyond ruling out a dominant role of biased local connections, whose influence may be additionally attenuated by active mechanisms of decorrelation 33, 35 . Our data support the idea that regrouping of pyramidal cells into different ensembles is strongly governed by the statistics of sensory input, which is consistent with reports on the stateor stimulus-dependence of neuronal interactions [30] [31] [32] 44, 45 .
These data reveal fundamentally different operational regimes of excitatory and inhibitory neurons during sensory processing. Similar patterns of co-activation of fast-spiking PV cells across stimulus 1 0 5 2 VOLUME 14 | NUMBER 8 | AUGUST 2011 nature neurOSCIenCe a r t I C l e S conditions contrasted with the strong dependence of pyramidal cell co-activations on sensory drive, which allows unique stimuli to be represented by unique pyramidal cell response patterns. These attributes of pyramidal cell activity might offer substantial advantages for sensory coding, as ensembles of pyramidal cells are much more informative about the identity of a stimulus than are fast-spiking PV cells (Supplementary Fig. 9) . Thus, in a sparsely active local network composed of pyramidal cells with diverse receptive fields, the variability and independence of responses might reduce local activity correlations and improve the efficiency of population coding 34, 47 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
